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Abstract: A short overview of composite materials for wind turbine applications is presented
here. Requirements toward the wind turbine materials, loads, as well as available materials are
reviewed. Apart from the traditional composites for wind turbine blades (glass fibers/epoxy
matrix composites), natural composites, hybrid and nanoengineered composites are discussed.
Manufacturing technologies for wind turbine composites, as well their testing and modelling
approaches are reviewed.
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1. Introduction

The reduction of fossil fuel dependency requires the expansion of the renewable energy sector.
The European Union seeks to cover 20% of its energy needs from renewables by 2020. In order to
achieve this goal [1,2], the wind energy capacity should be expanded by two orders of magnitude.
The EU offshore wind energy capacity is expected to grow by 21% annually [3-5].

The history of wind turbines for electric power generation started in 1988 Cleveland Ohio, USA,
1888 by Charles F. Brush [6] and in Askov, Denmark in 1889 by pioneer Poul La Cour [7]. In 1941,
electricity production from wind was made using turbines with steel blades built by the company
S. Morgan-Smith at Grandpa’s Knob in Vermont in USA. One of the blades failed after only a few
hundred hours of intermittent operation (see Figure 1a). Thus, the importance of the proper choice of
materials and inherent limitations of metals as a wind blade material was demonstrated early in the
history of wind energy development. The next, quite successful example of the use of the wind turbine
for energy generation is the so-called Gedser wind turbine, designed by Johannes Juul, with three
composite blades built from steel spars, with aluminum shells supported by wooden ribs, installed at
Gedser coast in Denmark in 1956-1957. After the 1970s, wind turbines were mainly produced with
composite blades [8,9].

The Gedser turbine (three blades, 24 m rotor, 200 kW, Figure 1b) was the first success story of
wind energy, running for 11 years without maintenance. In this way, the linkage between the success of
wind energy generation technology and the application of composite materials became an issue from
the beginning: the first turbine, built with steel blades, failed, while the second one, with composite
blades, worked for many years.
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Figure 1. Early history of wind turbines: (a) Failed blade of Smith wind turbine of 1941 (Reprinted
from [10]; and (b) Gedser wind turbine (from [11]).

2. Composite Structures of Wind Turbines: Loads and Requirements

2.1. Overview of Blade Design

Composite materials are used typically in blades and nacelles of wind turbines. Generator, tower,
etc. are manufactured from metals. Blades are the most important composite based part of a wind
turbine, and the highest cost component of turbines.

A wind turbine blades consists of two faces (on the suction side and the pressure side), joined
together and stiffened either by one or several integral (shear) webs linking the upper and lower
parts of the blade shell or by a box beam (box spar with shell fairings) (see Schema on Figure 2) [12].
The flapwise load is caused by the wind pressure, and the edgewise load is caused by gravitational
forces and torque load. The flapwise bending is resisted by the spar, internal webs or spar inside the
blade, while the edges of the profile carry the edgewise bending. From the point of loads on materials,
one of the main laminates in the main spar is subjected to cyclic tension-tension loads (pressure side)
while the other (suction side) is subjected to cyclic compression-compression loads. The laminates at
the leading and trailing edges that carry the bending moments associated with the gravitation loads
are subjected to tension-compression loads. The aeroshells, which are made of sandwich structures,
are primarily designed against elastic buckling. The different cyclic loading histories that exist at the
various locations at the blades suggest that it could be advantageous to use different materials for
different parts of the blade.

Load-carrying laminate flapwise:

compression-compression Load-carrying laminate edgewise:
tension-compression

Load-carrying laminate edgewise: ) ) )
tension-compression Load carrying laminate flapwise:
tension-tension

Figure 2. Schema of the section of the blade.

A major trend in wind turbine development is the increase in size and offshore placements.
Increasing size is motivating by the desire to reduce of the leveraged cost of energy. With increasing



Materials 2017, 10, 1285 3of24

size, the weight of the rotor blades increases, so that gravitational loads become design drivers.
Also longer blades deflect more, so that structural stiffness (to ensure tip clearance, i.e., to avoid
the blade to hit the tower) is of increasing importance. Thus, from a materials perspective, the
stiffness-to-weight is of major importance. In addition, with the turbine designed to be in operation
for 20-25 years, the high-cycle fatigue (exceeding 100 million load cycles) behavior of composites and
material interfaces (bondlines, sandwich/composite interfaces) is of major importance.

2.2. Overview of Manufacturing of Wind Turbine Blades

During the first decades of the wind energy development, wind turbine blades were often
produced using the wet hand lay-up technology, in open molds. The glass-fiber reinforcement
was impregnated using paint brushes and rollers. The shells were adhesively bonded together/to
the spars. This technology was used mainly to produce small and medium size blades (up to
35 and 55 m, respectively). For larger blades, the same technology was used, but the web were
inserted and adhesively bonded between two sides, and the plies with more fiber content were used.
The disadvantages of the open mold technology are high labor costs, relatively low quality of products
and environmental problems. In 1970s, several companies and institutes explored the applicability of
filament winding technology, seeking to improve the quality of turbine and to reduce labor costs [13].

The introduction of vacuum infusion and prepreg technologies allowed improving the quality of
manufacturing [14]. The prepreg technology, adapted from the aircraft industry, is based on utilizing
“pre-impregnated” composite fibers, which already contain an amount of the matrix material bonding
them together. Prepreg (widely used, for instance, by the Danish wind turbine producer Vestas) allows
the industrial impregnation of fibers, and then forming the impregnated fibers to complex shapes.

The most widely used technology to produce the wind blades, especially longer blades, is
the resin infusion technology. In the resin infusion technology, fibers are placed in closed and
sealed mold, and resin is injected into the mold cavity under pressure. After the resin fills all
the volume between fibers, the component is cured with heat. The resin infusion technologies
can be divided into two groups: Resin Transfer Molding (RTM) (resin injection under pressure
higher than atmospheric one) and Vacuum Assisted Resin Transfer Molding (VARTM) (or Vacuum
Infusion Process) (when resin is injected under vacuum or pressure lower than atmospheric, typically,
under a vacuum bag) [15]. A variation of VARTM called SCRIMP™ (i.e., Seemann Composite Resin
Infusion Process) was developed in late 1980s and is quite efficient for producing large and thick
parts. Currently, vacuum assisted resin transfer molding (VARTM) is the most common manufacturing
method for manufacturing of wind turbine rotor blades. With his method, layers of fabrics of dry fibers,
with nearly all unidirectional fibers, aligned in the direction along the length of the blade, are position
on mold parts along with polymer foams or balsa wood for sandwich structures (for the aeroshells).
In order to form a laminate that is thick by the root and gradually becomes thinner towards the tip,
most plies run from the root only partly toward the tip; the termination of a ply is called ply-drop.
The fabrics and subsequently covered by a vacuum bag and made air-tight. After the application
of vacuum, low-viscosity resin flows in and wets the fibers. After infusion, the resin cures at room
temperature. In most cases, wind turbine rotor blades are made in large parts, e.g., as two aeroshells
with a load-carrying box (spar) or internal webs that are then bonded together. Sometimes, the
composite structure is post cured at elevated temperature. In principle, this manufacturing method is
well suited for upscaling, since the number of resin inlets and vacuum suction points can be increased.
A challenge with upscaling is however, than quite many layer of dry fabrics must be kept in place
and should not slip relative to each other. The composite is quite thick by the root section, typically
exceeding 50-60 mm in the consolidated state. In practice, it can be a challenge to avoid the formation
of wrinkles at double-curved areas and areas with un-wetted fibers and air bubbles can be entrapped
in the bondlines. After manufacturing, the blades are subjected to quality control and manufacturing
defects are repaired. Since a large blade represents a large value in materials, increasing sizes means
that it becomes less and less attractive to discard blades with manufacturing defects. Thus, with
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increasing size the requirements towards materials go towards easier processing and materials should
preferably be more damage tolerant so that larger manufacturing defects can be tolerated. Figure 3
shows the schematics of the manufacturing of a wind turbine rotor blade by assemblage and bonding
of two aeroshells and two shear webs.

The infusion process is usually cheaper that the prepreg process. However, the prepreg composites
have more stable, better and less variable mechanical properties than the composites produced by resin
infusion. This technology is relatively environmental friendly, and makes it possible to achieve higher
volume content of fibers, and to control the materials properties. Further, the prepreg technology
allows higher level of automation and better choice of resins.

Lately, the automated tape lay-up, automated fiber placement, two-pieces or segment wind blades,
enhanced finishing technologies are expected to come into use to improve quality and reduce costs
of the composite blade manufacturing [14]. A big challenge, in comparison with e.g., automatization
of composite structures for aerospace, is the much larger thicknesses and the much larger amount
of materials to be places in the molds for wind turbine rotor blades. For some parts of the blades,
3D woven composites represent a promising alternative to producing fiber reinforced laminates.
Mohamed and Wetzel [16] suggested producing spar caps from 3D woven carbon/glass hybrid
composites. It was demonstrated that this technology allows producing spar caps with higher stiffness
and lower weight, than the commonly used technologies.

Figure 3. Schematics of the manufacturing of a wind turbine rotor blade by assemblage and bonding
of two aeroshells and two shear webs (gray color indicates the primary load-carrying composites).

2.3. Overview of Blade Damage

Precise information about the range and extent of damages found and repaired in operating
wind farms is not generally available, however detailed studies of the composite material and
adhesive interface damage found in wind turbine blades subjected to structural testing have existed
for some time [17,18]. The static loads and cyclic loading applied to the blade structure during full
scale testing can result in the damage in the form of failure of various adhesive layers, laminate
delamination, debonding at skin/core interfaces and splitting along fibers or in-plane compressive
failure as well as gelcoat/skin debonding and cracks in the gelcoat. Obviously, damages in the primary
load-carrying laminates (main spar and laminates at the leading and trailing edges) are of major
concern. Fortunately composite materials are damage tolerant materials. Still, a major issue is that
many of these damage modes are not easily detectable, since the damage do not originate from the
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external surfaces and may not be visible. For instance, in thick composite parts wrinkles may lead
to the formation of compression failure and delamination. Cracks and delamination can also start
from processing details such as ply-drops that locally causes a stress concentration. Cracks at e.g.,
trailing edge bondlines can be seen visually, but it is more difficult to assess how far they extend into
the composite structure.

In addition to the various structural loading effects, wind turbine blades can also be subjected
to lightning strikes, physical impacts and damaging surface erosion conditions whilst in operation.
In certain rare but dramatic cases, a particular event can cause the total failure of a blade almost
immediately; a powerful lightning strike or an extreme wind loading that leads to a rotating blade
hitting the tower for example. Operators of wind farms take measures to minimize exposure of their
structural assets to the full effect of storm conditions when these are forecast. But more commonly,
over the course of a normal 25-year service life, it is expected that the composite material in a wind
turbine blade will accumulate some signs of damage.

Blades are the most vulnerable parts of a wind turbine with respect to lightning. As every turbine
can expect to experience a significant number of strikes during service life [19], all blades have a
lightning protection system to reduce the effect of such strikes when they occur. Despite this it is
common to observe scorching damage and cracking around the lightning attraction point of a blade as
well as spar rupture, separation and surface tearing in more extreme cases [20].

A significant damage form observed in operating turbine blades is caused by (abrasive) airborne
particulates impacting and eroding the leading edge, especially towards the tip where velocities are
higher. Once established this rough surface will degrade the aerodynamic performance of the blade
and reduce power production; if left unrepaired structural damage to the laminate material will soon
develop requiring a longer and more complex repair effort [21,22].

Icing is the accumulation of ice on the surface of the blades under particular low temperature
weather conditions [23]. In extreme cases it will stop the operation of the turbine, but before that will
disrupt the aerodynamics of the blade and reduce the energy generation as well as unbalancing the
load distribution in the system and thus reducing structural fatigue lifetime [24].

3. Composites for Wind Turbine Blades

3.1. Fibers

Glass and carbon fibers. The stiffness of composites is determined by the stiffness of fibers and
their volume content. Typically, E-glass fibers (i.e., borosilicate glass called “electric glass” or “E-glass”
for its high electric resistance) are used as main reinforcement in the composites. With increasing the
volume content of fibers in UD composites, the stiffness, tensile and compression strength increase
proportionally, yet, at high volume content of fibers (after 65%), there might be dry areas without
resin between fibers and the fatigue strength of the composite reduces [25]. Typically, the glass/epoxy
composites for wind blades contain up to 75 weight % glass.

Many investigations toward the development of fibers, which are stronger than the usual E-glass
fibers, have been carried out. The high strength fibers (which are still used seldom in practice, but
represent a promising source of the composite materials improvement) include glass fibers with
modified compositions (S-glass, R-glass, etc.), carbon fibers, basalt and aramid fibers. S-glass (i.e., high
strength glass, S means “Strength” here) developed in the 1960s, shows 40% higher tensile and flexural
strengths, and 10-20% higher compressive strength and flexural modulus, as compared to E-glass.
The S-glass is much more expensive than E-glass. 52 glass was developed in the 1968 as a commercial
version of S-glass. S glass and S2 glass fibers have the same composition (magnesium alumino-silicate).
The main differences are in sizing (fiber coating) and certification procedure. The price of S2-glass
is around 10 times of that of E-glass. R-Glass fibers, introduced in 1968, are produced with a
calcium aluminosilicate glass with less silica and added oxides [26]. Some other special glasses
developed by Owens Corning are ECRGLAS, Advantex and most recently WindStrandTM glass fibers.
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The WindStrandTM glass fibers show15 percent higher stiffness and up to 30 percent higher strength
when compared to E-glass [27].

Carbon fibers are considered to be a very promising alternative to the glass fibers. They show much
higher stiffness and lower density than the glass fibers, thus, allowing the thinner, stiffer and lighter blades.
However, they have relatively low damage tolerance, compressive strength and ultimate strain, and are
much more expensive than the E glass fibers [28,29]. Carbon fiber reinforced composites are sensitive to the
fiber misalignment and waviness: even small misalignments lead to the strong reduction of compressive
and fatigue strength. Carbon fiber composites are used by the companies Vestas (Aarhus, Denmark) and
Siemens Gamesa (Zamudio, Spain), often in structural spar caps of large blades [28].

Aramid and basalt fibers. Further, an interesting alternative is using non-glass, high strength
fibers first of all, aramid and basalt fibers. Aramid (aromatic polyamide) fibers demonstrate high
mechanical strength, and are tough and damage tolerant, but have low compressive strength, low
adhesion to polymer resins, absorb moisture, and degrade due to the ultraviolet radiation [30].

Basalt fibers show good mechanical properties, are 30% stronger, 15-20% stiffer and 8-10%
lighter than E-glass, and cheaper than the carbon fibers [28]. The application of basalt fibers in small
wind turbines have been demonstrated in [31,32], and the results were very encouraging. In the
works [31,32], the basalt fibers were used as hybrids with carbon fibers.

Hybrid composites. Hybrid reinforcements (E-glass/carbon, E-glass/aramid, etc.) represent an
interesting alternative to the pure glass or pure carbon reinforcements. Ong and Tsai [33] demonstrated
that the full replacement would lead to 80% weight savings, and cost increase by 150%, while a partial
(30%) replacement would lead to only 90% cost increase and 50% weight reduction for 8 m turbine.
The world currently longest wind turbine rotor blade, the 88.4 m long blade from LM Wind Power is
made of carbon/glass hybrid composites [34].

In a number of works, the strength and damage mechanisms of hybrid composites were
studied [35-52]. It was reported, among others, that the incorporation of glass fibers in carbon
fiber reinforced composites allows the improvement of their impact properties and tensile strain to
failure of the carbon fibers. Manders and Bader [40] observed an enhancement of the failure strain
of the carbon fiber reinforced phase when “carbon fiber is combined with less-stiff higher-elongation
glass fiber in a hybrid composite”. However, in [41], it was shown on the basis of computations that
the dependency of the composite strength on the ratio glass/carbon is V-shaped, with a minimum
at the content of the order of 60% carbon, i.e., the hybrid strength can be under some conditions be
lower than the strength of both pure glass or pure carbon composites. This observation was confirmed
experimentally in [43]. Thus, while the hybrid composites seem to be a very promising group of
composites for wind energy, additional investigations are required for the optimal composition of the
materials. Figure 4 shows a computational micromechanical model of hybrid glass/fiber composites,
and the composite degradation process (first, failure of glass fibers and then failure of carbon fibers),
as observed in numerical simulations in [41,42].

carbon fiber

smooth crack

glass fiber

(b)

Figure 4. Micromechanical model of hybrid glass/fiber composites (a); and the simulated fiber
failure (b). Reprinted from [41,42] with kind permission from Elsevier.
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Natural fibers. In some cases, natural fibers can be used as well. The advantages of natural
fibers, as sisal, flax, hemp, jute, are the low costs, availability and environmental friendliness.
The disadvantages are the quality variations, high moisture uptake and low thermal stability of
the raw fibers [44]. Holmes et al. [45,46] tested a novel bamboo-poplar epoxy laminate for wind turbine
blades, and demonstrated that this material has high strength and stiffness, and can be used in wind
blades instead of common composites. The high strength and durability of bamboo as well as its
quick growth and broad availability make the bamboo to a very promising material for the wind
energy applications.

An interesting option for developing countries is small turbines, producible on-site, and made
from “natural composites”, i.e., from locally available timber [47]. In a series of investigations, a group
of Nepali, Danish and Australian scientists studied the applicability of different timbers for wind
turbines, and demonstrated that the turbines with wooden blades represent a reliable and low cost
option for the developing countries [48-51]. Figure 5 shows a test of a timber wind turbine blade and
small wind turbines installed in a village school in Nepal.

\—%« e

(@)

Figure 5. Testing the timber wind turbine blade (a) and small wind turbines installed in Nepal (b).

3.2. Matrix

Typically, thermosets (epoxies, polyesters, vinylesthers) or (more seldom) thermoplastics are used
as matrices in wind blade composites.

Thermosets. Thermosets based composites represent around 80% of the market of reinforced
polymers [53,54]. The advantages of thermosets are the possibility of room or low temperature cure,
and lower viscosity (which eases infusion and thus, allowing high processing speed). Initially, polyester
resins were used for composite blades. With the development of large and extra-large wind turbines,
epoxy resins replaced polyester and are now used most often as matrices of wind blade composites.
Still, recent studies (e.g., by Swiss company DSM Composite Resins) support arguments for the return
to unsaturated polyester resins, among them, faster cycle time and improved energy efficiency in
the production, stating that the newly developed polyesters meet all the strength and durability
requirements for large wind blades.

Further, the development of matrix materials which cure faster and at lower temperatures is an
important research area.

Thermoplastics. Thermoplastics represent an interesting alternative to the thermoset matrices.
The important advantage of thermoplastic composites is their recyclability. Their disadvantages are
the necessity of high processing temperatures (causing the increased energy consumption and possibly
influencing fiber properties) and, difficulties to manufacture large (over 2 m) and thick (over 5 mm)
parts, due to the much higher viscosity. The melt viscosity of thermoplastic matrices is of the order
10?-10° Pa s, while that for thermosetting matrix is around 0.1-10 Pa s. Thermoplastics (as differed
from thermosets) have melting temperatures lower than their decomposition temperatures, and, thus,
can be reshaped upon melting. While the fracture toughness of thermoplastics is higher than that
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of thermosets, fatigue behavior of thermoplastics is generally not as good as thermosets, both with
carbon or glass fibers [53]. Other advantages of thermoplastics include the larger elongation at fracture,
possibility of automatic processing, and unlimited shell life of raw materials [55].

Nanoengineered polymers and composites. In several works, the possibilities of improvement
of composites properties by adding nanoreinforcement in matrix were demonstrated. Additions of
small amount (at the level of 0.5 weight %) of nanoreinforcement (carbon nanotubes or nanoclay [56])
in the polymer matrix of composites, fiber sizing or interlaminar layers can allow to increase the
fatigue resistance, shear or compressive strength as well as fracture toughness of the composites by
30-80% [57,58]. Loos, Manas-Zloczower and colleagues developed various wind turbine blades with
secondary carbon nanoparticles reinforcement (vinyl ester, thermoplasts, epoxy composites containing
CNTs) and demonstrated that the incorporation of small amount of carbon nanotubes/CNT can
increase the lifetime up to 1500% [59]. Koratkar and colleagues [13,60] studied graphene as a secondary
reinforcement for the nanomodification of wind turbine composites, and showed experimentally that
the graphene reinforcement is very promising in the development of stronger, long-life turbine blades
for the wind industry. Merugula and colleagues [61,62] estimated theoretically that the addition of
1-5 wt % of carbon nanofibers (CNF) to the interfaces of glass fiber reinforced epoxy composites for
blades in 2 MW and 5 MW turbines leads to improved tensile stress and modulus, and allows 20%
weight reduction of the blades, leading to the increased lifetime. One should note that transferring
property improvements obtained in specific polymer-nanocomposites (without fiber reinforcement) as
matrix material to laminates with reinforcing fibers remains an issue, especially with respect to volume
fraction of the nano-fillers and the lower bound of the scatter in improvements obtained [63]. In some
cases, improvements from using nano-modified polymers as matrix (e.g., for improved strength
or toughness) come with intrinsically lower property values in other areas (e.g., glass transition
temperature) limiting the processability or the applicability of nano-modified polymers [64]. In [65-67],
the applicability of hierarchical composites for wind energy applications is analyzed, using the
computational modelling. Also, the feasibility of using hybrid and nanoreinforced composites in wind
blades, as a replacement for the currently used glass fiber /epoxy composites is evaluated in [65]. It was
demonstrated in numerical studies that the gains in the lifetime of the composites justify additional
investments to produce the wind turbine blades from hybrid and nanoreinforced composites. Still, as
noted in [68], there remains a lot of practical and economical challenges before the nanoengineered
wind turbines are used. Figure 6 shows a micrograph of a carbon fiber with CNT reinforcements in
fiber-matrix interface (a) and computational model of a composite with secondary CNT particles.

Figure 6. Micrograph of a carbon fiber with CNT reinforcements in fiber-matrix interface (a) and
computational model of a composite with secondary CNT particles (b). (Reprinted from [65,69] with
kind permission from Elsevier).
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3.3. Sizing

Fibers for composites are being applied with a surface sizing often referred to as sizing.
The application happens during or just after the manufacturing. The two main reasons to apply
sizing is to protect the fibers and to increase bonding to the matrix. The adhesion between fiber
and matrix is pivotal when it comes to stress transfer between fiber and matrix and the mechanical
properties of the composite. The stress transfer happens not only between the fiber and the matrix but
across the sizing as well. Unfortunately the sizing and its reactions in the interface is barely understood
due to the complexity and inaccessibility opposes thorough investigation.

Glass fiber sizing is applied as a part of the manufacturing process. After mixing and melting
the glass components the melt is lead to a bushing with a large amount of holes from which the fibers
are drawn continuously with an impressive speed of 2500 m/min. As soon as the melt leaves the
bushing it is rapidly quenched by water being sprayed on the drawn fibers. The quenching ensures the
amorphous network structure within the glass that yields the flexible. Several meters below the water
spay the fibers pass a roller half immersed in sizing only close enough to pick up the liquid without
touching the roller. The sizing contains around 3-10 wt % solid material in an aqueous suspension.
After this step the fibers are gathered in a strand often referred to as a roving which contains in the
range of 50-4000 single fibers. The fibers are then dried in large ovens above 100 °C for hours in order
to evaporate surplus water and for curing of the sizing. Within seconds after the application the effect
of the sizing is being put to work in regards to protecting the glass fiber surface against fiber-fiber
damage in the rovings and in the later weaving [70-75].

The ideal sizing not only protects the otherwise fragile fibers during processing it also reduce
fuzzy behavior, it disperse well on the fiber surface resulting in a homogeneous product, it ensure a
good wetting during manufacturing of the composite yielding low a low void content, and it maximize
the fiber matric interaction for optimum stress transfer. The multiple tasks cannot be covered by
one compound thus the need of multiple components [75,76]. The patents behind sizings have been
studied and they reveal that sizings for glass fibers consist of minimum a film former and a coupling
agent, but mostly more components are included. A large study indicated that the film former makes
up around 80 wt % of the dry sizing and the coupling agent around 10 wt %. The task of the film
former is to protect against fiber-fiber damage and to protect the roving during winding and weaving.
It is often a polymer similar to the matrix that the end-product aims for e.g., polyesters, polyurethanes,
and epoxies yielding a good wetting during composite manufacture. Reduction of the stress corrosion
triggered by water is attained by the addition of a coupling agent [77].

This is often chosen to be an organosilane and in some cases chromium or titanium oxides.
Organosilanes has the possibility to react with the glass fiber surface through a sol-gel reaction which
can covalently bond the organosilane or a polymeric form of the organosilane to the fiber surface.
With a functionality of the organosilane that complement the matrix it is possible for these to react
thus forming a connection between the fibre and the matrix. This is the reason why the coupling agent
is considered a crucial parameter in regards to the adhesion between fibre and matrix. The most used
silanes have amine or epoxide functionalities. Anti-static agents reduce the fuzziness of the fibres and
thereby helps form the roving. Emulsifier agents stabilize the insoluble components that are added
to the sizing suspension. Furthermore they reduce the formation of foam and adjust the viscosity of
the sizing. Lubricants improve the dispersion on the glass fibres and help protect the surface. Acid or
alkalis can be added to adjust the pH to around 4 in order to facilitate the hydrolysis of the silanes.
Wetting agents and anti-oxidants can also be added to sizings [73,76,78,79].

Despite that carbon fibers are organic and therefore don’t have the same compatibility issues
as glass fibers they still need sizing to manage the smooth and often inert surface. Carbon fibers
receive both a surface treatment and a sizing both of which are conducted after the manufacturing of
the fibers. The manufacturing of carbon fibers is much different from glass fibers. The steps inclu